Using the tight-binding approach, we analyze the effect of a one-dimensional superlattice (1DSL) potential on the electronic structure of black phosphorene and transition metal dichalcogenides. We observe that the 1DSL potential results in a decrease of the energy band gap of the two-dimensional (2D) materials. An analytical model is presented to relate the decrease in the direct-band gap to the different orbital characters between the valence band top and conduction band bottom of the 2D materials. The direct-to-indirect gap transition, which occurs under a 1DSL potential with an unequal barrier width, is also discussed.
I. INTRODUCTION
Recently, a wide variety of graphene sister materials, such as black phosphorene (BP) 1 and monolayer transition metal dichalcogenides M X 2 (M =Mo, W; X =S, Se, Te) 2,3 , have been synthesized. Furthermore, a recent search on the Materials Project database yielded more than 600 stable two-dimensional (2D) materials that can be synthesized by exfoliation. 4 Since some of these 2D materials possess a finite band gap, they are expected to be used in a host of next-generation electronic and optoelectronic devices.
Strain engineering has attracted a lot of attention in the context of providing a tunable band gap of 2D materials. [5] [6] [7] [8] [9] For example, the early studies, based on the density-functional theory, have shown that the strain can yield a semiconductor-metal transition in BP. 5, 6 An analytical study has shown that the band gap increases (decreases) by a few hundred meV when the tensile (compressive) strain lies in the 2D plane. 7 In view of the tight-binding (TB) description, the strain application can be interpreted as the hopping parameter modification. How the locally modified on-site potential parameter influences the magnitude of the band gap in 2D materials should then be determined. Thus far, monolayer graphene in a one-dimensional superlattice (1DSL) potential has been extensively investigated based on the Dirac-type [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and TB Hamiltonian. 23, 24 The presence of a 1DSL potential has been shown to be able to drastically change the energy band structure around the Dirac cone, yielding electron supercollimation, extra Dirac cones, and an opening of the band gap. As the graphene superlattices have been fabricated by several experiments, where the period of the superlattice structure is from a few nm up to several hundreds of nm, 25-28 a theoretical study for the 1DSL potential effect on the band gap of 2D materials would be important for future applications.
Herein, we study the electronic structure of the BP and M X 2 in 1DSL potentials. By using the TB models developed by Rudenko and Katsnelson 29 and Liu et al, 30 we show that the band gap of the 2D materials is lowered by the 1DSL potential. Through a simple model analysis, the decrease in the direct band gap is shown to be attributed to the different orbital characters between the valence band (VB) top and conduction band (CB) bottom. We also show the direct-to-indirect gap transition that occurs under a 1DSL potential with an unequal barrier width. The models examined below can be applied to situations in which the 1DSL potential is controlled by two (top and back) gates, 25, 28 or in which the 2D layer is placed on a substrate with an appropriate lattice mismatch. 
II. 2D MATERIAL SUPERLATTICE
To study the 1DSL potential effect on the electronic band structure of BP and M X 2 , we first consider a conventional unit cell that consists of N atoms. The area of the unit cell is defined as S 1 ∈ [0, a x )⊗ [0, a y ), as shown in Fig. 1 
where Λ y = Qa y [see Fig. 1(f) ]. In the following, we set Q = 20, unless noted otherwise. The use of a larger Q (and Λ y ) does not change the V 0 -dependence of the band gap size, as demonstrated below. The first Brillouin zone (BZ) has a rectangular shape surrounded by four lines k x = ±π/a x and k y = ±π/(Qa y ), as shown in Fig. 1(g ). For the pristine BP and M X 2 (i.e., the case of V 0 = 0 and Q = 1), the minima of the band gaps (i.e., both the CB bottom and VB top) are located at the Γ point and (2π/(3a x ), 0) in the first BZ, respectively. Since these are located along the k y = 0 line, the application of the 1DSL potential, given by Eq. (1) with Q = 1, does not change the location of the band gap minimum even if zone foldings occur. Below, we will consider only the electronic band structure along the k x -direction. For the case of the 1DSL potential that changes periodically along the x-direction, the location of the band gap minimum is also determined with consideration of the zone-folding concept. Similar to the case above, the band gap minimum is still located at the Γ point for the BP superlattices. In contrast, the location of the band gap minimum moves along the k x -direction with Q for the M X 2 superlattices. By using the zone-folding concept, one can observe that the band gap minimum is located at the Γ point when Q = 3i and (±2π/(3Qa x ), 0) when Q = 3i with a positive integer i. The most important observation is that the direction of the 1DSL potential does not alter the main result in this work, that is, the band gap reduction arising from the 1DSL potential.
It should be noted that when the period of the 1DSL potential, given by Eq. (1), is large (Q ≫ 1), the group velocity along the k y -direction is negligibly small compared with that along the k x -direction. This is true when we consider the 1DSL potential that changes periodically along the x-direction; given a large period along the x-direction, the group velocity along the k x -direction is, in turn, negligibly small compared with that along the k y -direction.
For the study of the M X 2 superlattices below, we assume that the 1DSL potential is independent of the orbitals d z 2 , d xy , and d x 2 −y 2 , for simplicity. The application of the orbital-dependent 1DSL potential does not change the main result of this work. 
A. Black Phosphorene
First, we study the electronic structure of the BP superlattice. We use the TB model developed by Rudenko and Katsnelson. 29 They showed that the BP has a direct band gap at the Γ point, where the VB top and CB bottom consist of a mixture of the s, p x , and p z orbitals and have different orbital characters. The TB Hamiltonian of the BP superlattice is given by
where the first and second terms in the right hand side are the on-site potential and kinetic energies. c s and c † s are the electron destruction and creation operators at the sth atom site, respectively. t ss ′ is the hopping integral between the sites s and s ′ . These are given by t 14 = −1.220, t 12 = 3.665, t 18 = −0.205, t 13 = −0.105, and t 25 = −0.055 in units of eV [see also Fig. 1(a) and (c) for the atom positions]. 29 The 1DSL potential, v s defined by Eq. (1), is added to the TB Hamiltonian. Figures 2(a) -(c) show 16 dispersion curves around the band edge for V 0 =0, 0.15, and 0.3 eV, respectively. The zero energy is located at the middle of the CB bottom and VB top at the Γ point by adding the on-site potential of ǫ s = 0.42 eV. When V 0 is increased from 0 to 0.3 eV, the band gap decreases from 1.52 to 0.97 eV. This arises from the charge redistribution within the 1DSL potential period, which will be explained in Secs. II C and III A.
B. Transition metal dichalcogenides
Next, we compute the band gap of M X 2 superlattice. We use the three-band TB model developed by Liu et 
where c s,γ and c † s,γ are the electron destruction and creation operators at the sth atom site with the energy ǫ γ , respectively. T γ,γ ′ (R) is the hopping integral between the orbital γ at the site 0 and the orbital γ ′ at the site R. The summation of s and s ′ in Eq. (3) is taken up to the third nearest-neighbor (NN) sites; R = R i for the first NN sites, R = R ′ i = R i +R i+1 for the second NN sites, and R = R Figure 4 shows the energy gap of the MoS 2 superlattice as a function of the barrier height 2V 0 for various Qs. For comparison, the 2V 0 -dependence of the band gap of the BP superlattice is also shown. The energy gap E g (V 0 ) decreases monotonically with increasing 2V 0 , while the decrease in E g (V 0 ) is moderate for small Q. For larger Q, the band gap difference is approximately expressed by the linear relation
C. Gap variation
This reflects the fact that the charges are strongly localized to the region with v s = V 0 and −V 0 at the VB top and CB bottom, respectively. show the R y -dependence of the charge density of the three orbitals at the VB top and CB bottom, respectively, for Q = 4. For such a small Q, the charge density is finite even around R y /Λ y > 1/2 (R y /Λ y ≤ 1/2) at the VB top (the CB bottom). In this case, the magnitude of the upward and downward shifts of the bands is small for the VB and CB, respectively, yielding the slight decrease in the band gap. It should be noted that the semiconductor-metal transition would be observed when E g (0) = 2V 0 is satisfied in Eq. (4) for large Qs. For example, V 0 ≃ 0.9 and 0.75 eV is needed to observe the transition in MoS 2 and BP, respectively. In Sec. II, it has been shown that the 1DSL potential reduces the magnitude of the direct band gap. We attribute such a reduction to the different orbital characters between the VB top and CB bottom. As mentioned in Secs. II A and II B, this condition is satisfied in BP and M X 2 . To show how the decrease in the direct band gap is explained in terms of the orbital characters at the band edges, we consider, as a simple example, a 2D square net that consists of the atoms shown in Fig. 1(e) . There is an atom in the unit cell whose size is a x × a y . Each atom has an atomic energy of ǫ γ . We assume that there are two energy levels γ = a and b satisfying the relation ǫ a < ǫ b . The sth atom position is denoted by R s = (R s x , R s y ) = (na x , ma y ) with integers n and m. The different potentials are added to study the superlattice potential effect: v s = V 0 (> 0) and −V 0 for m = 2l and m = 2l + 1 with an integer l, respectively. The real-space TB Hamiltonian for the 2D square net is given by
where t γ is the electron hopping integrals between the energy levels ǫ γ at the nearestneighbor sites. The electron hopping between the energy levels γ = a and γ = b is assumed to be negligible. By imposing the periodic boundary condition to form the energy bands, the TB Hamiltonian in a reciprocal-space becomes a 4 × 4 matrix:
where, for γ = a and b,
with α = k x a x and β = k y a y being the wavevector k = (k x , k y ). The energy eigenvalues are given by
Below, we use the indexes (γ, ±) to denote the energy band. We assume t a > 0 and t b < 0, since we study the band structure with semiconducting properties. Then, both the energy maximum of the band (a, +) and the energy minimum of the band (b, −) are located at the Γ point. The energy difference ∆E is explicitly given by
When ∆E > 0, the bands (a, +) and (b, −) serve as the VB and CB, respectively. From Eq. (9), it is clear that the energy gap ∆E decreased with increasing V 0 . This is because the charges are redistributed to obtain the energy gain. The eigenvectors of the VB top [i.e., at the Γ point in the (a, +) band] and the CB bottom [i.e., at the Γ point in the (b, −) band] are respectively given by
and
where w γ,p = V 2 0 + 4t 2 γ + pV 0 with p = ± and γ = a, b. C + γ and C − γ are the probability amplitude of the orbital γ at the sites m = 2l and m = 2l + 1, respectively. Since w a,− /(2t a ) < 1 and −w b,+ /(2t b ) > 1 for finite V 0 , the charges at the VB top and CB bottom are mainly distributed at the sites m = 2l (v s = V 0 ) and m = 2l + 1 (v s = −V 0 ), respectively. As a result, the (a, +) and (b, −) bands shift to higher and lower energies, respectively, which leads to the decrease in the band gap. Thus, we determined the relationship between the band gap and the orbital difference at the band edge. Although the 2D square net model above is quite simple, it captures the main physics behind the band gap reduction observed in Figs. 2 and 3 .
It is possible to construct a TB model that includes more than two atoms in a unit cell, for example, v s = V 0 for m = 4l and 4l + 1, and v s = −V 0 for m = 4l + 2 and 4l + 3 with an integer l. In such a case, the magnitude of the band gap decreases more significantly because more charges are redistributed within the unit cell. This is also consistent with the observation in Fig. 4 . 
B. Direct-to-indirect gap transition
While we have also studied other types of 1DSL potentials, such as a cosine-type potential, where the net total potential per unit cell vanishes, the results in this work are qualitatively the same. When the net total potential per unit cell is finite, the system exhibits an indirect band gap. To show the latter, we study the MoS 2 under a 1DSL potential with unequal barrier width. The 1DSL potential used is given by
(12) Figure 6 shows the band structure of the MoS 2 under a 1DSL potential given by Eq. (12) with Λ y = 20a y for various V 0 s. As V 0 increases, the band gap decreases, similar to the cases of the 1DSL potential with an equal barrier width shown in Fig. 3 . Interestingly, when V 0 ≥ 0.5 eV, the energy of the VB top at k x a x = 0 overcomes that at k x a x = 2π/3, yielding the indirect band gap. This originates from the different orbital characters of the VB top between k x a x = 0 and k x a x = 2π/3 in the pristine MoS 2 , where the former mainly consists of a Mo d z 2 orbital, while the latter consists of Mo d xy and d x 2 −y 2 orbitals. 30 In addition, since the charge of the CB bottom at k x a x = 2π/3 is distributed around the region with v s = −V 0 , as shown in Fig. 5(b) , the charge of the VB top at k x a x = 0 tends to be, in turn, distributed around the region with v s = +V 0 (i.e., R s y < Λ y /10). This leads to an increase in the energy of the VB top at k x a x = 0, compared with that at k x a x = 2π/3.
IV. CONCLUSIONS
Through the TB calculations for the BP and M X 2 superlattices, we have demonstrated that the presence of a 1DSL potential yields a decrease in the band gap of 2D materials. An analytical investigation shows that this also holds if a pristine 2D material has (i) a directband gap and (ii) different orbital characters between the VB top and the CB bottom. It has also been found that the band gap experiences a direct-to-indirect gap transition when a 1DSL potential with an unequal barrier width is applied. We expect that various 2D material superlattices will be created in future experiments, as the graphene superlattices are fabricated by several experiments. 
